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ABSTRACT 
In the area of petrol stations several Volatile Organic Compounds (VOCs) leak into the atmosphere due to 
the evaporation of liquid fuels, especially of gasoline that is predominantly composed of light hydrocarbons. 
The aim of the present study is to investigate the spatial distribution of various VOCs when leaked into the 
atmosphere in the area of a petrol station. The study is based on numerical simulations. The effect of wind 
speed and direction, as well as of air temperature has been studied. Gasoline components of different 
properties have been studied (e.g. pentane, iso-octane, o-xylene, toluene, benzene), as well as ethanol that is 
considered a new fuel blend component that can be found in different fractions in new gasoline blends 
worldwide. The area of flammable cloud near the source of the leak is investigated for various atmospheric 
conditions taking into account the lower and higher flammable limits of each compound. Lastly, the 
exposure to gasoline vapour is studied taking into consideration the recommended occupational exposure 
limits of various organisations. 
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INTRODUCTION 
In the area of a petrol station, several Volatile Organic Compounds (VOCs) are produced due to the 
evaporation of liquid fuels and especially of gasoline which has total VOCs of about 0.75 g/cm3; this petrol 
vapour is predominantly composed of light hydrocarbons (Halder et al., 1986). VOCs are released in the 
environment by leaks from underground tanks and pipes and during the refuelling of a car at the petrol 
station (Hassanvand et al., 2010). These VOCs are highly volatile and have boiling points typically between 
-1 and 216 °C and thus they can easily be evaporated when gasoline is exposed to the atmosphere, Speight 
(2006).  
It has been reported that during car refuelling at the pump (stage II refueling), VOCs are displaced and 
without any further intervention this petrol vapour is vented to the atmosphere (Horton et al., 2006; 
Karakitsios et al., 2007a), resulting to concentrations that for benzene can be up to 10 times higher than the 
limit dictated by UFIP (2012) for average annual exposure. Furthermore, ENTEC (2005) quoted estimated 
emissions for the EU27 plus Croatia for vehicle refuelling of 87.2 kton (representing about 1% of total 
emissions of anthropogenic emissions). Also, an increase in the regulated vapour pressure from 60 kPa to 70 
kPa (due to the blending of biofuels with conventional fuels for transport) would increase these emissions to 
90.5 kton. 
In addition to any environmental issues associated with VOCs, the impact of VOCs on human health has 
been studied over many years. Depending on petrol vapour concentrations (ranging from 140 to 35,000 ppm) 
and exposure durations (ranging from a few minutes to a few hours), the effect on human health of inhaling 
petrol vapour varies from coughing, sore throat and eye irritation to death (Aiden, 1958; Drinker et al., 1943; 
Machle, 1941; Wang and Irons, 1961). The negative effects of petrol vapour exposure on the health among 
petrol station attendants and residents in the vicinity of petrol stations have also been studied. It has been 
reported that exposure to petrol vapour increases the risk of acute myeloid leukaemia (Jakobsson et al., 
1993), acute childhood leukaemia (Brosselin et al., 2009; Steffen et al., 2004), prostate cancer (Seidler et al., 
1998) and other forms of cancer at various parts of the body (Lagorios et al., 1994). Artificial Neural 
Networks were also used to predict benzene exposure patterns for filling station employees (Sarigiannis et 
al., 2009). 
Considering all aforementioned reasons, the European Union has passed various directives to reduce VOCs 
in the atmosphere (Directives 94/63/EC, 2000/69/EC and 2009/126/EC) by enforcing the installation of fuel 
vapour recovery systems in all the stages of fuel distribution, from the refinery until the refueling of motor 
vehicles. However, for the petrol stations, these systems are obligatory only to those that are built after the 1st 
January 2012 and to those that are under major refurbishment after this date. This means that a high number 
of petrol stations operating before 1/1/2012 don’t have installed a vapour recovery system. Moreover, 
different organisations and institutes, such as the National Institute for Occupational Safety and Health 
(NIOSH) and the Occupational Safety and Health Administration (OSHA) have established various limits for 
compounds that are in high concentrations in gasoline; see Yaws (2003) and references therein. In addition, 
various researchers have conducted field studies to investigate the source and concentrations of VOCs in 
various environments and under various conditions, e.g. city centres, tunnels, airports, stage II refueling, etc. 
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(Guerra et al., 1995; Ho et al., 2004; Hansen and Palmgren, 1996; Lau and Chan, 2003; Morales Terrés et 
al., 2010; Schürmanna et al., 2007; Seigneur et al., 2003; Srivastava, 2004). With regard to petrol stations in 
particular, it has been shown that concentrations can vary from a few ppb in ambient air at petrol stations to 
25,000 ppm above an open barrel in hot, unventilated areas; additionally most of the published data from 
such measurement campaigns have been obtained under different conditions and sampling strategies, hence 
it is very difficult to make direct comparisons (Aidin, 1958; Gonzalez-Flesca et al., 2002; Karakitsios et al., 
2007b; Kearney and Dunham, 1986; Lin et al., 2005; Lindstrom and Pleil, 1996; McDermott and Vos, 1979; 
Zammit and Vella, 2003).  
The oil companies’ European association for environment, health and safety in refining and distribution has 
discussed and published a large amount of measured data of various compounds for different petrol station 
job groups that are typically exposed to gasoline vapour (CONCAWE, 2002a–c). The groups that are more 
related to this study are the drum fillers and the service station attendants with no vapour recovery system on 
the pumps. More information about the job groups can be found in the CONCAWE report No. 9/02 
(CONCAWE, 2002c). A summary of these data are presented in Table 1. It can be seen that several 
discrepancies exist in the data, even for the same job group. For the drum filler, two samples taken in the 
same day with duration of 34 min each showed the recorded gasoline vapour to be 4 times more in one 
sample than in the other. Similar discrepancies are also observed for the service attendants. For the same 
sample date and duration the measured gasoline vapour is about 1.5 times greater in one sample compared to 
another. These differences may have been caused by the weather conditions, such as the direction and the 
speed of the wind during the sampling process, the location of the sampling device and the geometry of the 
petrol station in which the sampling was conducted. However, despite the discrepancies, these are the most 
detailed data that could be found in the literature. 
PRESENT CONTRIBUTION 
Numerical modeling has been used for the prediction of transport of air pollutants, e.g. Albriet et al. (2010), 
Uhrner et al. (2007), Wang and Zhang (2012), and has also been applied by various researchers to 
investigate hydrogen diffusion related to hydrogen refueling, Kikukawa (2008), Papanikolaou and 
Venetsanos (2007), the leak of hydrogen and methane from high pressure pipelines, Wilkening and Baraldi 
(2007), as well as the diffusion of LNG vapours, Gavelli et al. (2008) or dense gas releases in buildings 
(Gilham et al., 2000). However, there is a lack of numerical simulations of the spatial concentration of VOCs 
originating typically from gasoline in the areas of petrol stations. Additionally, VOC measurements in the 
public domain are relatively scarce and show high discrepancies as discussed above. The current paper 
makes an effort to study this problem by presenting simulations of fluid flow and concentrations of some 
typical gasoline compounds in the area of a petrol station. Analysis of the results is done on the basis of 
various atmospheric conditions of temperature and wind, as well as in the context of flammability limits and 
occupational exposure limits. To the best of the authors’ knowledge this is the first time that such a study is 
being presented and with results discussed in the context of various conditions and in conjunction with 
public experimental data. 
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COMPUTATIONAL METHODOLOGY 
MATHEMATICAL FORMULATION 
Computational fluid dynamics simulates systems that involve fluid flow, heat transfer and other related 
phenomena by using numerical methods and algorithms that solve the partial differential equations which 
govern these problems. The differential equations are derived by the conservation laws of mass, momentum 
and energy, which have to be satisfied in any given domain. In order to apply the numerical methods and the 
conservation laws, the domain of interest is discretised into control volumes, with the finite volume approach 
being the most popular methodology (Versteeg and Malalasekera, 2007; Ferziger and Perić, 2001). The 
mathematical formulation of the conservation laws of mass and momentum are represented by the continuity 
equation and the Navier-Stokes equations. For fluid mixtures, each constituent m whose local concentration 
is expressed as a mass fraction is assumed to be governed by a species conservation equation of the form: 
߲ሺߩ ௠ܻሻ
߲ݐ ൅
߲
߲ݔ௝ ൫ߩ ௝ܷ ௠ܻ ൅ ܨ௠,௝൯ ൌ ܵ௠  
where Fm,j the diffusion flux component and Sm the rate of mass production or consumption. 
Simplified assumptions and methods have to be applied to the conservation equations to reduce their 
complexity particularly for turbulent flows and to enable faster numerical solutions. Most methods use a 
statistical procedure to calculate turbulent flows by averaging the unsteadiness of turbulence. On the basis of 
current typical computing power, the Reynolds-Averaged Navier-Stokes (RANS) modelling approach is the 
most popular at traditional Reynolds numbers of complex engineering problems. According to the Reynolds 
decomposition, the instantaneous turbulent quantities are split into mean and fluctuating terms (e.g. for 
velocities, ܷ ൌ ݑത ൅ ݑ′). Averaging the equations over time leads to the appearance of the Reynolds stresses 
ݑపᇱݑఫᇱതതതതതത in the momentum equations. These stresses can be modelled according to Bousinesq’s approximation 
െߩݑ′ݒ′തതതതത ൌ ߤ௧ డ௨ഥడ௬ which leads to the need for calculating the eddy viscosity t via a turbulence model to close 
the system. Various turbulence models have been developed and validated; see Chen and Jaw (1998) and 
Wilcox (1998). The ‘industry standard’ turbulence model is the k-ε model that includes two transport 
equations for k and ε based on the work of Jones and Launder (1972) and Launder and Spalding (1974), with 
the constants of Launder and Sharma (1974). The eddy viscosity is calculated as ߤ௧ ൌ ߩܿఓ݇ଶ/ߝ, where 
ܿఓ ൌ 0.09. The standard form of the k-ε model is suitable for flows with high Reynolds numbers and does 
not apply in the viscous sublayer close to the wall.  
Various improvements to the k-ε eddy viscosity model have been proposed, including variants were the 
Reynolds stresses have been made non-linear functions of the mean strains. The k-ε RNG model is 
probably the second most popular version of the k-ε model and it is based on additional terms that can deal 
with anisotropic flow effects (Yakhot and Orszag, 1986; Yakhot et al., 1992). There are also other models, 
specifically developed for aerodynamic flows, but without the penalty of having to solve two transport 
equations. The Spalart-Allmaras (1992) model is a typical turbulence model of this sort. It solves a transport 
equation for a viscosity-like dependent variable and has been applied successful on many aerodynamic 
problems with flow separation effects. 
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GEOMETRICAL CONFIGURATION 
The geometry of the petrol station was inferred from 2-D drawings of a real station provided by a petrol 
company. The top view of the original drawings is shown in Figure 1. It can be seen that the station consists 
of three buildings; a car wash and oil change facilities, a metallic storehouse and the main building which 
houses a show room and toilet facilities. Moreover, four fuel dispensers are located in front of the main 
building and are protected by the canopy which is represented by the red dashed rectangle. CATIA was used 
to create the 3D model of the station and the outer box of the computational domain. Figure 2 shows the 
station with a close-up view of the canopy and at one dispenser. Fuel vapour leakage was imposed at the 
locations of two or more of the dispensers, while the wind was blowing from one of the A, B, C or D sides of 
the computational domain. Tests were performed to ensure that the computational domain was sufficiently 
larger than the petrol station area, so that the boundaries of the domain did not affect the behaviour of the 
flow past the buildings and other structures. 
 
GRID GENERATION AND INITIAL TESTING 
The CFD code STAR-CD was used for the solution of all different equations relevant to the problem. It was 
specifically decided to use a commercial code for this work, rather than fully employ our available in-house 
open-source codes or open-source CFD toolboxes for this problem (e.g. based on formulations like that of 
OpenFOAM). We considered this the most effective approach within the objectives of the current work as 
we have done extensive in-house work on benchmarking STAR-CD with our open source codes for various 
problems. 
The petrol station’s 3D CAD model was used to generate five grids of the computational domain with 
different resolutions in order to check grid dependency effects on the numerical predictions. The grids had 
approximately 0.4×106, 0.7×106, 1×106 and 1.5×106 cells; a grid of 0.7×106 cells with finer mesh near the 
buildings and coarser in the surrounding area was also tested. A second-order Monotone Advection and 
Reconstruction Scheme (MARS) was chosen for numerical discretisation as it is characterised by the least 
sensitivity of solution accuracy to mesh structure and skewness and to avoid numerical smearing effects. 
To investigate grid dependence of the results, the inlet speed, the outlet boundary and the turbulence model 
were kept constant for all the grid densities. The 0.7×106 cell grid could resolve the vortices generated in the 
recirculation zones past the structures (as will be discussed later) similarly to the 1×106 cells grid while the 
0.4×106 cells grid could not. The 0.7×106 cells refined grid showed similar behaviour to the baseline 0.7×106 
cell one, but it was as not as good as the baseline 0.7×106 cell grid away from structures due to its larger cells 
there. At the end, the 0.7×106 cell mesh was chosen because the computational time was less than the 1×106 
and 1.5×106 cell grids and the predicted structures of the flow were very similar. 
Sensitivity tests to the choice of turbulence model were also conducted. The k-ε model, the k-ε RNG model, 
and the Spalart-Allmaras model were chosen. It was found that the k-ε/RNG and Spalart-Allmaras models 
produced results with very similar velocity vector plots, especially in the region of flow separation past the 
station’s buildings (within 5–10%). The ‘standard’ k-ε model showed quite different results to the former two 
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models. Specifically, careful analysis of the vortices showed a more ‘diffused’ vortical flow pattern (typical 
of this model when applied to strongly separated flows). The final choice for the work was the k-ε RNG 
model because of its validation over many types of recirculating flow problems in the literature. 
 
FUELS 
Vapour Types 
Gasoline consists of over 150 compounds and prediction of the evaporation rate of gasoline during its 
evaporation requires special modelling, e.g. see Okamoto et al. (2009), Serras-Pereira et al. (2012, 2013). 
Within the objectives of the current work it was selected to study specific single components present in 
gasoline. Figure 3 shows the distillation curve of a typical pump-grade gasoline, as well as the boiling points 
of some single components which are found in high concentration in gasoline, and thus the focus of the 
present study (more details about the curves can be found in van Romunde et al., 2007; van Romude and 
Aleiferis, 2009; Aleiferis et al., 2010a–b; Serras-Pereira et al., 2012, 2013). In particular, some of the vapour 
properties of n-pentane, ethanol, iso-octane, toluene, o-xylene and benzene are presented in Table 2 at 298 K 
and 315 K (Yaws, 2003); density values are also shown from ideal gas calculations. These compounds 
comprise about the 70% of the volume of gasoline. Specifically, n-pentane was chosen since the total amount 
of C5 and C6 hydrocarbons in gasoline is about 40% by volume and their properties don’t have significant 
differences. Furthermore, C5 have boiling points lower than 40 °C which means they can easily evaporate, 
especially in the summer. This is also verified by experiments done by CONCAWE in which n-pentane and 
iso-pentane were the highest single components detected in the area of a petrol station and are noted in the 
CONCAWE reports No. 8/02 and No. 9/02 (CONCAWE, 2002b–c). Simulations with ethanol were carried 
out as well as it is used as an additive in gasoline or as a fuel itself for vehicles, with increasing blending rate 
in the last years. Specifically, most of the cars today can operate with blends of 5–10% ethanol, whilst some 
others can work with higher ethanol percentages (up to 85%) with some modifications to the engine and 
fuelling system. In Figure 3 the effect in volatility of 10% ethanol addition to gasoline (E10) can be noted. 
E10 starts to evaporate at lower temperatures when compared with the base gasoline fuel and as the 
temperature increases the percentage of evaporated amount is higher throughout.  
For the reasons mentioned above, the main part of this study focused around n-pentane and ethanol. It should 
be also be mentioned here for completeness that high-volatility components like n-pentane have been found 
to be suitable single components to mimic gasoline’s spray behaviour at relevant conditions (e.g. see van 
Romunde et al., 2007; van Romunde and Aleiferis, 2009). Additionally ethanol has shown similar behaviour 
to gasoline in terms of spray effects related to temperature and pressure conditions (e.g. see Aleiferis et al. 
2010a–b; Serras-Pereira et al., 2010; Aleiferis and van Romunde, 2013). However, iso-octane was also 
selected as a single component for the current vapour dispersion study since it is the compound with similar 
total percentage in gasoline to that of the sum of pentanes (C5); it is also a typical fuel used as substitute for 
gasoline for various research purposes. Toluene and o-xylene were also simulated as they are the compounds 
with the higher percentages in gasoline after iso-octane and in order to make basic comparisons with the data 
of CONCAWE that included those components. Finally, some simulations were conducted for benzene. 
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CONCAWE report No. 9/02 (CONCAWE, 2002c) notes that after the 1st January 2000 the maximum content 
in gasoline was reduced to 1% by volume; before year 2000 benzene contents of up to 5% were present in 
gasoline. 
Vapour Source 
Two aspects of vapour formation were considered: splash loading effects inside the tank during fuel filling 
and additional sources from exposure of gasoline to air during tank filling, e.g. spillages, etc. Both are not 
easy to measure faithfully in practical environments, hence no real experimental databases exist for these 
rates at known environmental conditions. However, it was found that the vaporisation rate from splash 
loading has been calculated by Hassanvand et al. (2010) using numerical simulations on the basis of hexane 
fuel. This was found for 298 K to vary during loading from as high as 0.004 kg/s to about 0.001 kg/s just 
before the end of the simulated loading process (6–10 s), with loading velocities in the range 0.5–1 m/s. A 
nominal value of 0.002 kg/s was selected for the current work as this was considered a representative ‘steady 
state’ value of evaporation during the loading process. Similarly, from the work of Hassanvand et al. (2010), 
a nominal rate of 0.006 kg/s was selected for the 315 K simulations of the current work. The three times 
higher evaporation rate at higher temperature is supported by the measurements conducted by Morales 
Terrés et al. (2010). Considering potential uncertainties to the values of Hassanvand et al. (2010) and the 
lack of faithful experimental data for splash loading at similar conditions for validation, simulations were 
also carried out in the present study with 50% lower evaporation rate than the selected nominal values (i.e. 
0.001 kg/s at 298 K and 0.003 kg/s at 315 K) to observe associated effects. These values of lower 
evaporation rate were also supported by evaporative emissions rates quoted in the United States; specifically, 
for gasoline splash filling, emissions of 1,400 mg per lt of gasoline, or 0.0012 kg/s for a typical 50 lt/min 
refuelling flow rate have been quoted (Environmental Protection Agency, USA, 1972).  
As a word of caution it needs to be noted here that iso-octane, toluene and o-xylene have much higher 
boiling point and lower vapour pressure in comparison to n-pentane. This means that the evaporating rate of 
these compounds in practice can be much less than the values quoted above, hence, for those fuels the 
evaporation rate at source was fixed only to the 50% of the selected nominal values. The calculations for 
those fuels were used simply as a relative exercise of comparison between their dispersion patterns and n-
pentane’s, rather than as absolute data to be compared with regulations or CONCAVE’s data.  
Similarly, considering ethanol’s boiling point of 78 °C at 1 bar, absolute comparisons cannot be made 
directly with n-pentane’s concentrations since the evaporation rate at source ought to be smaller for ethanol. 
However, it was decided to perform simulations for ethanol at both the full and half evaporation rates of n-
pentane due to the fact that ethanol can be a future fuel worldwide even in its pure form, hence maps of 
ethanol’s dispersion relative to n-pentane over the same range of evaporation rates can be informative. 
The simulation of benzene posed some challenges in terms of selecting suitable boundary conditions. It was 
decided to simulate three different evaporation rates, namely 10%, 1% and 0.1% of the evaporation rate at 
source of n-pentane. 1% represents the maximum content limit of benzene in gasoline from year 2000 
(CONCAWE 2002c), whilst 10% was selected as an extreme case that may be related to additional sources 
and/or pre-2000 specifications of gasoline. Moreover, the value of 0.1% was selected as an order of 
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magnitude estimation that was close to the data of CONCAWE report No 9/02 (CONCAWE 2002c) in 
which the amount of benzene measured for the drum fillers job group was about 0.2% of the total gasoline 
vapour.  
Considering all those challenges and uncertainties, it was finally decided that any other sources of 
evaporation for all the fuel components, e.g. due to spillages, etc., could be considered much smaller than the 
amount of vapour gashing out of the tank from sloshing effects. Furthermore, no adsorption/desorption 
phenomena of VOCs onto or from the building walls were considered. The boundary conditions at the walls 
and ground were all set as adiabatic and at no-slip. In this context, vapour leakages were only applied as 
boundary conditions at a height of 0.9 m from the ground, over an area of 3 cm in diameter located on the 
top surface of a box at dispenser locations (see Figure 2). Specifically, the selected mass flow rate of 
evaporation for each test case at the two different temperatures of 298 K and 315 K, as well as the respective 
densities, were used to obtain a leak velocity at the fixed point of leakage. The air was considered dry and 
treated as an ideal gas, similarly to the different types of vapour. Within the objectives of the current study it 
was elected to use a scalar transport modelling approach without considering phase changes. However, phase 
change modelling is currently also under study, e.g. see modelling approach of Albriet et al. (2010), and 
results will be presented in a future publication. Specific details about the different simulated scenarios are 
given in the next section. 
 
SIMULATION TEST CASES 
In order to investigate the diffusion of the aforementioned components in the area of the petrol station, the 
following scenarios were simulated, as presented in Table 3. Various permutations of the leakage can be 
seen for various VOCs at ambient temperatures of 298 K and 315 K, for wind velocities of 0.5 m/s and 5 m/s 
from the B and D domain sides. A wind speed of 0.5 m/s corresponds to Beaufort scale 1 (light air), and 5 
m/s to Beaufort scale 3 (gentle breeze) (Spellman, 2012). The description of the land conditions for Beaufort 
scale 1 is that smoke drift indicates wind direction and leaves and wind vanes are stationary whereas for 
scale 3 leaves and small twigs constantly moving and light flags are extended.  
These two sides were chosen because, due to the petrol station geometry, the buildings are either in front or 
behind the pumps, with regard to the incoming wind (Figure 4, 5, 6, 7). Pump 4 was selected because it was 
located nearer to the main building of the station, and thus a larger number of people could be affected by the 
vapour’s diffusion. Moreover, when the air blows from side B, pump 4 is in the area where large-scale 
vertical motion is generated, as shown in Figure 4, and thus the influence of these vortices over the path of 
fuel vapour’s diffusion can be critical. Pump 1 has the maximum distance from pump 4 and the location of it 
is not affected by flow recirculation zones. For completeness, scenarios of dispersion of n-pentane were also 
simulated with the wind entering the domain from sides A and C (see Table 3). 
The last two scenarios represent the worst case of vapour leakage simulated in the current study. 
Specifically, leakage from all 4 pump locations was simulated at 315 K and with 0.5 m/s wind speed. Then 
another case was also simulated at 315 K but with very low wind speed (0.0 m/s), representing an extreme 
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summer condition with no real wind flow. Toluene, iso-octane, o-xylene and benzene were simulated only at 
315 K, i.e. at the worst temperature condition.  
 
RESULTS AND DISCUSSION 
FUEL VAPOUR – PENTANE 
Contour plots of the concentration of n-pentane from some of the simulations are illustrated in Figures 8–17. 
The simulations deal with various permutations of simultaneous vapour leakage from pumps 1 and 4 of n-
pentane at ambient temperatures of 298 and 315 K, for wind velocities of 0.5 m/s and 5 m/s incoming from 
all four domain sides. All the plots show either a cross section of the petrol station at a height of 1.6 m from 
the ground, as seen from the top or a side view of the station at the cross section of Pump 1 and 4. The 
concentration in the legend of these figures is presented as mass fraction (i.e. wt/wt). The maximum mass 
fraction which was applied to the scale of the plots was 2×10−3 or 0.2% (or 2000 ppm); this value was chosen 
in order to optimise the resolution of the concentration shown. Graphical representation of the simulation 
results from the aforementioned scenarios that did not yield any significant differences compared to the ones 
presented in graphical form in this section have not been included for brevity. 
Effect of Wind Velocity and Temperature on Vapour Concentration 
Figures 8–12 show the effect of increased ambient air temperature and/or the wind velocity on n-pentane’s 
vapour concentration. A higher temperature shows increased concentration of vapour since the total 
evaporation rate is three times higher when the temperature is 315 K compared to 298 K. The wind speed 
direction also plays a major role in the diffusion of the vapour for fixed temperature and air velocity 
(Figures 8 and 13–15). For the case of the pumps downstream of the buildings (Figure 8), the concentration 
of n-pentane is higher around the buildings, especially around pump 4, where recirculation zones occur. 
However, the vapour dispensed from pump 1 location is transported away from the pump and the 
concentration in the area is lower. In the case of the pumps upstream of the buildings (Figure 13), the 
concentration of vapour is still high around the buildings, but the concentration level is approximately 65% 
of that in the aforementioned case. Furthermore, it is observed that due to the velocity of the leak being in the 
positive z direction, and because the air was also directed over the pumps, vapour concentrations were 
notable even as high as the canopy. However, since the vapour type is heavier than air, higher concentrations 
were observed nearer the ground (Figure 9). For the cases where the incoming wind was from either side A 
or C of the domain, and thus no buildings were either upstream or downstream of the pumps, the fuel vapour 
is just transported away from the buildings in the direction of the wind. The concentrations around the pumps 
are lower than those of the previous cases; especially around pump 4, where no large-scale recirculating flow 
motion is now present (Figures 14 and 15). 
Multiple Pump Leakage and Stagnant Flow Conditions 
Two simulations of n-pentane were performed for more intense vapour leakages. In the first case, the 
temperature was 315 K (like in Figure 10), but the velocity of the wind was only 0.01 m/s (calm weather) 
(Figure 16). The second case was with an ambient temperature of 315 K and a wind speed is 0.5 m/s but fuel 
vapour was dispensed from all four pumps and not just pumps 1 and 4 (Figure 17). In the first of these two 
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cases, the concentration of n-pentane was 40 times higher than in the case where the wind velocity was 0.5 
m/s (Figure 10) and also n-pentane was more uniformly distributed over the petrol station area because its 
diffusion was not really affected by the wind’s direction and, thus, spatial dispersion was weak. In the second 
case where the leak was applied to all fuel dispensers of the station, Figure 17, the concentration of n-
pentane was approximately 4 times higher locally than in the case where the leak was applied to two of the 
dispensers, Figure 10. 
 
FUEL VAPOUR – ETHANOL 
Comparison of Fuel Vapour Concentration 
Direct comparisons were made between the ethanol and n-pentane test cases at 100% evaporation rate. It was 
observed that the pattern of spatial distribution for ethanol was very similar to n-pentane’s under the same 
conditions of temperature and wind speed, hence for this reason and for brevity the plots of ethanol are not 
presented here. However, it was noted that, due to differences in their densities and diffusion coefficients, the 
local concentration of ethanol was slightly lower than that of n-pentane. Specifically, in relation to Figure 8, 
the local maximum mass fraction of n-pentane was found to be 0.0286 for ambient temperature of 298 K and 
wind speed of 0.5 m/s coming from side B, while for ethanol at the same conditions the local maximum was 
about 10% lower. For both fuels, vapour was transported to the edge of the simulated domain, some 60 m 
away from the pumps, downstream the wind, and mass fractions of about 1.5×10-4 (150 ppm) were 
calculated in that region.  
 
FUEL VAPOUR – TOLUENE, O-XYLENE, ISO-OCTANE, BENZENE 
Simulations were carried out with toluene, o-xylene and iso-octane with reduced evaporation rate, 50% that 
of n-pentane. It was found that o-xylene and iso-octane had very similar dispersion patterns; the densities and 
diffusion coefficients are very similar for these compounds. However, toluene with lower density and higher 
diffusion coefficient led generally to a narrower ‘cloud’ compared to the other two compounds. Despite this 
narrower ‘cloud’, the distribution of the three compounds was similar and thus only the plot of iso-octane is 
presented here in Figure 18 for 315 K and wind speed of 0.5 m/s entering the domain from side B). In terms 
of local peak values, toluene’s maximum was about 1.5% higher than iso-octane’s, whilst o-xylene’s was 
about 1.5% lower. Further comparisons of these fuels to the data of ethanol and n-pentane are carried out in 
the next two sections. Figure 19 presents the distribution of benzene for evaporation rate of 0.1% that of n-
pentane at source. This is shown for completeness and for comparison with the other compounds. It is noted 
that the maximum on the scale has been adjusted to two orders of magnitude lower than that of the rest of the 
compounds to aid clarity. The exact values of concentration will be discussed later with relevance to 
exposure limits. 
 
FLAMMABILITY LIMITS 
Investigation of the flammable cloud in the area of a petrol station is essential for health and safety issues. 
From the results shown above, it is clear that at higher temperature and lower wind speed, the probability of 
12 
flammable mixture increases. Plots of mass fraction of ethanol and n-pentane above pumps 1 and 4 at 
environmental conditions of 298 K and 315 K with 0.5 m/s wind speed are presented in this section. In these 
the upper and lower limits of the scale have been set to the higher and lower flammability limits for the 
respective compound (3.4–17.3% for n-pentane, 6.7–27.1% for ethanol, Yaws, 2003). Specifically, Figures 
20 and 21 show the flammable cloud for n-pentane at the locations of pump 4 and 1. Figures 22 and 23 are 
used for comparison of the flammable cloud of ethanol with two different air temperatures. Figure 24 shows 
the flammable cloud of n-pentane when the evaporation rate was set to 50% of the nominal value. 
A flammable cloud can mainly be observed only when the air comes from side B of the domain, i.e. when 
the buildings are in front of the pumps. The cloud is larger above pump 4 because of the presence of flow 
recirculation in that area, while pump 1 is located in the undisturbed stream of air and the cloud’s dispersion 
is accelerated (Figures 20 and 21). Furthermore, due to the higher evaporation rate at higher temperatures, 
the flammable cloud at 315 K is larger than that at 298 K (Figures 22 and 23). Moreover, when comparing 
n-pentane and ethanol, there are clear differences in their flammable clouds, as a result of their different 
flammability limits, physical properties and evaporation rates (Figures 20 and 23). Lastly, it was clear that 
when the evaporation rate was reduced to half at source, the flammable cloud was notably reduced; compare 
Figures 20 and 24 for n-pentane. For all the other scenarios the flammable cloud was calculated to be very 
small or almost absent. To put Figures 20–23 into clearer perspective, for the case of 315 K ambient 
temperature and 0.5 m/s wind speed, the size of the flammable cloud of n-pentane is about 1.4 m in height 
and 1.6 m in diameter, whilst for ethanol it is about 1 m height and 0.8 m in diameter. At the lower 
temperature of 298 K, the flammable cloud of ethanol is about 0.5 m in height and 0.4 m in diameter. For the 
case of the 50% less evaporation rate at source, Figure 24, the size of the flammable cloud is reduced by 
approximately half as well (about 0.7 m in height and 1 m in diameter). 
The cloud of toluene, o-xylene and iso-octane may be compared to the cloud of n-pentane with 100% and 
50% evaporation rate. Due to the similarities in their flammable limits and the same evaporation rate at 
source, there are only small differences in the size of the respective clouds. The flammable cloud plots are 
not shown for these heavier hydrocarbons as they were similar to those of n-pentane (Figure 24). 
Furthermore, it needs to be reiterated here that, because the evaporation at source of toluene, o-xylene and 
iso-octane can be lower than 50% of that of n-pentane, their respective flammable clouds can be in practice 
quite smaller. 
 
EXPOSURE LIMITS 
The exposure limits differ from country to country and different organisations have established their own 
limits for gasoline and its compounds. The limits suggested by three different organisations, NIOSH, OHSA 
and ACGIH can be found in Yaws (2003) and CONCAWE (2002c) for all the compounds that have been 
simulated here. The latter two references also include limits from various countries that may be higher or 
lower than those of the three organizations. For completeness and consistency, and in order to aid the reader, 
Table 4 summarises the NIOSH, OSHA and ACGIH exposure limits for the compounds simulated in the 
current study in ppm (mass fraction) and in mg/m3. 
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The calculations of the current study correspond to ‘steady state’ conditions; this essentially means that the 
present results demonstrate the peak of evaporation during the refuelling process that can last up to one 
minute. For comparison, the limits of the organizations above refer to 8-hour exposure; the experimental data 
of CONCAWE also present the average exposure in an 8-hour working shift but have also recorded peak 
values. Thus, care needs to be exercised when making direct comparisons between the simulated and 
experimental data. The chosen plots for n-pentane and ethanol in Figures 25–28 show how the wind speed 
and direction, at the hot day case of 315 K, as well as the choice of organisation that has set the limit, can 
dictate the potentially dangerous area. 
Five types of iso-contour lines have been plotted in Figures 25–26, 28. The blue line corresponds to the limit 
of NIOSH, the red line to the limit of OSHA and the green line to the limit of ACGIH for 8-hour exposure 
specifically to n-pentane. Considering that n-pentane was used to simulate gasoline in general as well, an 
orange line that corresponds to the limit of ACGIH for 8-hour exposure to gasoline, as well as a pink line 
that corresponds to the limit of ACGIH for short time exposure to gasoline, have been plotted in Figures 25–
26, 28 too.  
The influence of the wind direction for 100% evaporation rate at source can be noted by comparing Figures 
25 and 26 (sides B and C, respectively). The concentration of n-pentane is below the limit in the breathing 
zone near the buildings for the case where no flow recirculation zones exist. It is also clear that based on the 
choice of organisation, the hazardous areas are different; NIOSH poses 8 times lower limit than OSHA for n-
pentane (Yaws, 2003). To put those differences in clearer perspective, in Figure 25 the size of the area above 
the limit according to NIOSH reaches the edge of the simulation domain, approximately 60 m downstream 
the pumps, and is about 24 m wide, while for OSHA this area is in a radius of about 4 m over pump 4 and in 
a radius of 0.8 m above pump 1. In Figure 26 where the wind is blowing from side C the hazardous area that 
NIOSH poses reaches again the edge of the domain, 60 m away from the pumps, and is 14 m wide (smaller 
than Figure 25), whereas for OSHA this area is restricted above the pumps, having a radius of about 0.8 m. 
For ethanol, the limits of NIOSH, OSHA and ACGIH are the same and the size of the hazardous area is 
similar to n-pentane’s under OSHA’s limits (about 4 m in radius over pump 4 and 1.5 m in radius over pump 
1), as shown in Figure 27 for 100% evaporation rate at source. The case of 50% evaporation rate at source in 
Figure 28 shows that the area over which the vapour concentration is above the limit is reduced 
approximately by half when compared to the area of Figure 25 where 100% of the nominal evaporation rate 
was applied. It needs to be noted as well that due to the density of the compounds, the vapour is also directed 
below the height of the breathing zone of a typical-size worker and closer to the ground, hence, critically, in 
the immediate breathing zone of children (e.g. see earlier figures with vertical slices of the domain). Also it 
should be reminded that in the area just above the leakage source the concentration is substantially above the 
exposure limits (as shown earlier in the ‘saturated’ red areas of the mass fraction maps).  
The hazardous area of toluene and o-xylene (for iso-octane no limits have been suggested) with 50% 
evaporation rate at source was similar to that of n-pentane with 50% evaporation rate shown in Figure 28, 
due to their similar exposure limits of NIOSH (n-pentane 20% higher limit than those of toluene and o-
xylene, Yaws, 2003), hence not reproduced here for brevity. It also needs to be reiterated here that the size of 
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the hazardous area for those heavier compounds may be even lower in practice; their higher boiling points 
and lower vapour pressure can lead to evaporation rates at source quite lower than 50% of the nominal 
evaporation source of n-pentane simulated here. 
Figure 29 presents the hazardous area of benzene according to OSHA for the three simulated evaporation 
rate at source and it needs to be highlighted that the exposure limits for benzene are about 3 orders of 
magnitude lower than those of n-pentane. The red line in Figure 29 corresponds to 10% of the evaporation 
rate at source of n-pentane, the green line to 1% and the blue line to 0.1%. As the rate decreases, the 
hazardous area generally decreases too, but it is clear that there is a very steep gradient as one moves from 
1% to 0.1%, especially close the recirculation zones behind the buildings. Also it needs to be noted that 
OSHA’s exposure limit for benzene is 10 times higher than that of NIOSH for benzene, hence the hazardous 
area of benzene for NIOSH with 1% evaporation rate at source would be closer to the boundary of the 
hazardous area of benzene for OSHA with 10% evaporation rate at source. 
To bring these concentrations into context, it has been reported by Gonzalez-Flesca et al. (2002) that for a 
fuel tank of 40 l being filled at a petrol station, in an area of 2 m3 around the refueling process, and 
considering the partial pressure of benzene in the tank to be approximately 1 mm Hg, the displacement losses 
can lead to a concentration of benzene up to 85 mg/m3 (or 71 ppm), clearly much higher than the OSHA 
limit of 3 mg/m3 (or 2.7 ppm). In the simulations carried out here the boundaries of such a concentration 
have been predicted to cover a similar area close to the pumps; a respective orange line has been included in 
Figure 29 to show this.  
The measurements of CONCAWE (Table 1) have noted exposure to gasoline for the drum fillers of up to 
about 800 mg/m3 (i.e. about 670 ppm mass fraction). This is close to the ACGIH 8-hour exposure limit 
shown by the orange line in Figures 25–26, 28. Values more than one order of magnitude lower were 
recorded in CONCAWE for petrol station attendants. The simulations that are shown here predicted 
concentration of about 6,000 ppm just above pump 4 for the case of 315 K ambient temperature with 0.5 m/s 
incoming wind speed from side B and for 100% evaporation rate at source for n-pentane. This spread over an 
area of about 3 m in radius. At the lower temperature of 298 K and the highest wind speed of 5 m/s the 
concentration above the pumps dropped to less than 600 ppm within a radius of about 1 m. 
As mentioned earlier, for toluene and o-xylene the concentration maps were similar to the 50% leakage case 
of n-pentane and when compared to CONCAWE the amount of vapour for those two heavy hydrocarbons 
was higher than the experimental. This further highlights that these compounds presumably have in practice 
evaporation rate lower than 50% of n-pentane’s and, within the objectives of the current work, their maps are 
informative only for relative comparison rather than as absolute data to be compared with regulations or 
CONCAVE’s data. 
Considering the above analysis it is clear that when designing an on-site experiment it is of the upper most 
importance to first investigate the expected diffusion of the vapour depending on the local building structures 
and climatic conditions. Furthermore, from the above analysis, it is evident that in the cases of low wind 
velocities and/or due to the presence of vortices, the concentration of VOCs in the vicinity of the dispensers 
is considerable higher than in the remaining area of the petrol station. Thus, it is of the uppermost importance 
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to reduce the leakage of petrol vapour (i.e. through measures such as the Directive 2009/126/EC on 
improving stage II refueling, petrol vapour recovery, etc.) and to improve the petrol station design to 
promote dispersion and dilution of the petrol vapour away from the work area, e.g. by use of specific flow 
passages through the building structure, passive and active ventilation systems in the area of the pump and 
canopy, etc. In particular, older petrol stations that accommodate no adequate fuel vapour recovery systems 
will benefit immediately by suitable ventilation approaches. 
In addition to the above measures, the simulation results have shown that the concentrations of VOCs, even 
away from the immediate vicinity of the pumps in the petrol station, are considerably high. It was shown, 
that in scenarios with low wind speed, VOCs concentrations ranged from 30–140 ppm, even at a distance of 
60 m away from the pumps (edge of domain), depending on ambient temperature. These concentrations are 
consistent with those reported in the literature and found to cause effects ranging from mild irritation 
(coughing, sore throat, etc.) to conjunctival hyperaemia and eye irritation, depending on exposure time. 
Although the presented simulations assume a continuous steady-state flow of vapour, the cumulative 
exposure to such VOCs by local residence cannot be ignored and regulations may need to be put in place for 
instantaneous measurements of VOCs in the vicinity of petrol stations (e.g. by use of ultraviolet or infrared 
spectroscopy sensors. Other parameters and activities within the filling station and near its surrounding, such 
as traffic flow (e.g. see Karakitsios et al., 2007a), affect VOCs concentrations and further measurement 
locations could build on top of the current knowledge. 
In summary, it is clear that detailed numerical simulations of VOC concentrations in the area of petrol 
stations can give significant insight into the potential exposure of workers, drivers and nearby residents to 
hazardous compounds; they can also help to optimise the design of new petrol stations. Useful information 
about suitable points of experimental measurement of such compounds for validation can also be obtained 
depending on the geometry of a petrol station and the ambient conditions of temperature and wind 
speed/direction. However, there are still certain limitations to the simulation process, primarily related to 
uncertainties in the evaporation rate of gasoline and its compounds at source during refuelling. Data in the 
literature for various compounds are incomplete and also show great scatter. This makes the selection of 
appropriate boundary conditions quite challenging. 
 
CONCLUSIONS 
The aim of the present study was to investigate the diffusion of fuel vapour in the vicinity of a petrol station. 
Various simulations were performed to investigate the effect of ambient temperature (298 K and 315 K), 
wind speed (0.5 m/s, 5 m/s, as well as stagnant conditions), wind direction (four sides of the domain 
separately) and location of leakage (pumps 1–4). Different chemical components present in gasoline were 
studied; primarily n-pentane and ethanol, but also iso-octane, toluene, o-xylene and benzene. The boundary 
conditions of evaporation rate at source were considered on the basis of published work on numerical 
modelling effects of fuel sloshing in tanks during refuelling. The key findings of the simulations are:  
 The vapour follows the flow of the wind, and a higher wind velocity accelerates the dispersion of the 
vapour and decreases the local concentration around the pumps. The decrease is around 85% when the 
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ambient temperature is 298 K and can reach even 95% at the higher temperature of 315 K due to the 
higher diffusion coefficient of the vapour in air and the increased evaporation rate at source. 
 Concentrations of VOCs ranging from a few ppb to 6,000 ppm were predicted depending on the 
simulation conditions and location of interest. For the test case of 315 K with wind blowing with speed 
0.5 m/s from a side that led to flow recirculation patterns around pump 4, the area above this pump with a 
concentration of 6,000 ppm had a radius of about 3 m. For the same conditions the respective area of 
concentration above pump 1 had a radius of about 1 m. This highlighted the effect of recirculation zones 
past the surrounding buildings.  
 Flammable cloud exists above the leak, especially with high temperature and low wind speed. 
Controlling the VOC emissions can decrease the probability of ignition as the flammable cloud is 
minimised. For n-pentane the cloud was about 1.4 m in height and 1.6 m in diameter, whilst for ethanol it 
was about 1 m high and 0.8 m in diameter. When the vapour decreased at source by 50% the flammable 
cloud also decreased by about half in basic dimensions (0.7 m high, 1 m in diameter for n-pentane). 
 Different organisations have set their own occupational exposure limits for gasoline and its compounds 
with limits varying up to an order of magnitude. Specifically, for n-pentane at 315 K and 0.5 m/s wind 
speed, the hazardous area according to OSHA was found to be within a radius of 4 m over pump 4, while 
for NIOSH the hazardous area dispersed to the edge of the simulation domain, some 60 m downstream of 
the pumps, and was about 24 m wide. However, by imposing 50% evaporation rate of n-pentane at 
source the length of this hazardous area even for NIOSH dropped to about 40 m downstream the pumps. 
 There is always an area of the station, especially above the source of the leak at which the concentration 
of the vapour is much higher than the recommended exposure limits. However, this is dependent on the 
atmospheric temperature, wind speed and direction, as well as the geometry of the station. 
 Benzene’s hazardous area was the largest calculated amongst all compounds even for evaporation rate at 
source equal to 0.1% that of n-pentane’s. The exposure limit of benzene is about 3 orders of magnitude 
lower than that of n-pentane and this led to areas even at the edge of the simulated domain (60 m 
downstream the pumps in the direction of wind) to be above this limit. 
 All simulations have highlighted the importance to monitor the instantaneous petrol vapour 
concentrations, especially in the vicinity of the pumps. Additionally, it can be of benefit to design the 
configuration of petrol stations in a way that may promote vapour dispersion and quick dilution by air, 
e.g. by passive ventilation or by employing suitable locations for active ventilation systems. 
 Knowledge of the climatic conditions at a petrol station is of uppermost importance before setting up and 
conducting measurements of vapour concentration or installing equipment for air quality monitoring. 
 
More detailed simulations and analysis would require use of validated boundary conditions. Experimental 
data of the concentration of various evaporated compounds at their source during car refuelling that could be 
used as such conditions do not really exist in the public domain, especially under well-controlled conditions. 
This highlights the need for further measurement campaigns. Regarding modelling, future simulations are 
planned to investigate the transient conditions of vapour release during refuelling, including changes to the 
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evaporation rate of gasoline over time due to flashing of the high volatility components, as well as multi-
phase analysis linked to condensation effects and aerosol transport. Other alcohols that have been identified 
as future components of gasoline, like methanol and butanol, need also attention. More details can be added 
to the simulation domain, i.e. various buildings and structures, cars next to the dispensers, etc., to investigate 
the influence of various ‘obstacles’ near the leak source and to also study how the passengers of a car are 
affected during refuelling. 
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Table 1. CONCAWE Measured Data. 
Sample 
Date 
Type of 
Sample 
Sample 
Duration 
[min] 
Exposure [mg/m3] 
Gasoline n-Hexane Benzene Toluene Xylenes Ethyl-Benzene 
Drum Filler – post-2000 specification gasoline 
31/8/00 Peak 34 798.3 3.9 1.9 36.5 13.1 2.8 
31/8/00 Peak 34 212.1 0.8 0.6 7.0 2.0 0.6 
Service Station Attendant – no vapour recovery pre-2000 specification gasoline 
26/7/99 Full shift 323 16.4 0.4 0.2 0.4 0.2 0.2 
26/7/99 Full shift 320 23.7 0.5 0.3 0.5 0.3 0.3 
27/7/99 Full shift 446 50.5 0.9 0.6 0.9 0.3 0.2 
27/7/99 Full shift 457 29.4 0.6 0.3 0.5 0.3 0.3 
Attendant/Cashier – no vapour recovery pre-2000 specification gasoline 
29/7/99 Full shift 465 20.0 0.3 0.4 0.8 0.3 0.3 
29/7/99 Full shift 457 27.4 0.2 0.6 0.9 0.3 0.2 
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Table 2. Vapour Properties at 298 K and 315 K. 
Fuel Density [kg/m3] 
Molecular 
Viscosity 
[×10-6 kg/ms] 
Specific Heat 
Capacity 
[J/kgK] 
Diffusion 
Coefficient in 
Air 
[×10-6 m2/s] 
n-Pentane 2.95,  2.79 7.07,  7.45 1703,  1775 8.41,  9.45 
Toluene 3.79,  3.59 7.12,  7.51 1157,  1222 8.48.  9.46 
o-Xylene 4.34,  4.10 5.85,  6.26 1270,  1331 7.26,  8.16 
iso-Octane 4.67,  4.42 6.04,  6.41 1665,  1750 6.32,  7.12 
Ethanol 1.88,  1.78 8.91,  9.39 1436,  1487 11.80,  13.22 
Benzene 3.19,  3.02 7.57,  7.99 1083,  1150 9.31,  10.41 
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Table 3. Investigated Scenarios. 
VOCs 
Ambient 
Temperature 
[K] 
Dispenser 
Number 
Wind Velocity 
[m/s] 
Wind 
Direction, 
Domain Side 
n-Pentane, Ethanol 298 K 1 and 4 0.5 B 
n-Pentane, Ethanol 298 K 1 and 4 0.5 D 
All 315 K 1 and 4 0.5 B 
n-Pentane, Ethanol 298 K 1 and 4 5.0 B 
n-Pentane, Ethanol 315 K 1 and 4 5.0 B 
n-Pentane 298 K 1 and 4 0.5 A 
n-Pentane 315 K 1 and 4 0.5 A 
n-Pentane 298 K 1 and 4 5.0 A 
n-Pentane 315 K 1 and 4 5.0 A 
n-Pentane 298 K 1 and 4 0.5 C 
n-Pentane 315 K 1 and 4 0.5 C 
n-Pentane 298 K 1 and 4 5.0 C 
n-Pentane 315 K 1 and 4 5.0 C 
n-Pentane 315 K All 4 0.5 B 
n-Pentane 315 K 1 and 4 0.01 B 
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Table 4. Exposure Limits. 
 
Threshold Limit, 
ACGIH 
[ppm, mg/m3] 
Permissible 
Limit, 
OSHA 
[ppm, mg/m3] 
Recommended 
Limit, 
NIOSH 
[ppm, mg/m3] 
n-Pentane 
(similar for iso-pentane) 1486.6,  1770 2476.3,  2950 297.5,  350 
Toluene 159.9,  188 639.7,  760 319.9,  375 
o-Xylene 
(same for m- and p-xylene) 369.9,  435 369.9,  435 369.9,  435 
iso-Octane – – – 
Ethanol 1587.6,  1900 1587.6,  1900 1587.6,  1900 
Benzene 1.3,  1.6 2.7,  3.2 0.27,  0.32 
Gasoline 
(8-hour exposure) 741.7,  890 – – 
Gasoline 
(short term exposure) 1233.3,  1480 – – 
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